This manual describes version 1.0 of the Monte Carlo event generator KROWIG for deep inelastic lepton hadron scattering at HERA. KROWIG combines the implementation of QED radiative corrections in KRONOS with the QCD parton showers and cluster fragmentation of HERWIG.
Program Summary:
• Program name: KROWIG.
• Version: 1.0 (June 1991).
• Author: Thorsten Ohl, <ohl@crunch.ikp.physik.th-darmstadt.de>
• Long write-up: This document.
• Programming language: FORTRAN-77.
• Computer/operating system: Any with a FORTRAN-77 environment.
• Number of program lines: ≈ 3000
• Other programs used: KRONOS [9] (Version 1.2 or later), HERWIG [10] (Version 5.4), PAKPDF [15] .
• Input files needed: None.
• Initial parton shower: HERWIG.
• Hard subprocesses generated: Neutral current deep inelastic scattering.
• Final parton shower: HERWIG.
• Fragmentation model: Cluster (HERWIG).
• Initial QED radiation: Leptonic: leading logarithmic approximation, summed to all orders (KRONOS); quarkonic: N/A.
• Final QED radiation: Leptonic: leading logarithmic approximation, summed to all orders (KRONOS); quarkonic: included in the HERWIG parton shower (optional).
Introduction
The new ep collider HERA will explore a new kinematical range for deep inelastic lepton-hadron scattering (DIS) [1] . Due to the smaller mass of the electron and the higher available energy, radiative corrections will be much larger than at the previous µp experiments. Inclusively, the leading contribution in each order of perturbation theory can be estimated as
and the exclusive corrections can surpass 100% in some regions of phase space [2] . A quantitative understanding of the radiative corrections is therefore mandatory for the physical interpretation of HERA data. The electroweak corrections to deep inelastic ep scattering have been calculated completely to one loop order [3, 4] and the leading logarithms of the next order have been given [5] . However, for detailed experimental studies, the implementation of these calculations in a Monte Carlo event generator is indispensable. The order α QED corrections have been implemented in the HERACLES event generator [6] , which has been interfaced in DJANGO [7] to the LEPTO QCD Monte Carlo [8] . At the parton level, the leading higher order QED corrections have been implemented in the KRONOS Monte Carlo [9] .
KROWIG extends the hadronically inclusive predictions of KRONOS to exclusive hadronic final states. In addition, KROWIG allows to incorporate radiative corrections into the predictions of the HERWIG model for QCD parton showers and cluster fragmentation [10] . Thus KROWIG is unique in two different aspects of HERA physics: it is the first Monte Carlo Event generator implementing QED radiative corrections to DIS in the HERWIG framework and it is also the first Monte Carlo event generator implementing higher order QED radiative corrections for hadronically exclusive final states. Although multiphoton events will not play an important rôle during the first years of experimentation at HERA [11] , the included soft photon exponentiation can have numerically appreciable effects.
After elaborating on the physics of radiative corrections to exclusive hadronic final states in section 2.1, we shall discuss their implementation in KROWIG in section 2.2. The various parameters controlling KROWIG are discussed in section 3. Section 4 is devoted to the FORTRAN-77 interface for application programs. Before concluding, we list in section 5 the limitations of KROWIG version 1.0. Technical details of the installation of KROWIG and a sample application are relegated in the appendix.
In order to avoid unnecessary duplication, this manual frequently refers to the manuals for KRONOS [12] and HERWIG [13] and assumes familiarity with the two programs.
2 Implementation of KROWIG 1.0
Physics issues
Conceptionally, the interfacing of leptonic QED radiative corrections and QCD Monte Carlos is simple, provided one stays in the framework of the leading logarithmic approximation. In this case the radiative corrections factorize and can be presented to the QCD Monte Carlo as just another hard subprocess.
In a nutshell, the reasoning is that the hadronically inclusive cross section including radiative corrections is given by the parton model, while QCD parton showers and the subsequent fragmentation must happen with unit probability.
Factorization is in our approach equivalent to staying within the usual onephoton-approximation, on which the QCD description of DIS in terms of the improved parton model or operator product expansion is built. In particular this means that we will neglect the non-leading box diagrams in which a second photon (or Z 0 ) is exchanged between the leptonic and hadronic subsystems. Using this approximation, the hadronically inclusive cross section can be written as
In these formulae x and y are the (leptonic) Bjorken variables and z is the energy fraction of the incoming electron after initial state radiation. Final state radiation has been ignored here for simplicity, but is included in KROWIG. A i and B i denote the appropriate combination of electroweak couplings and propagator factors for the quark i. D and the f i are solutions of the familiar evolution equations
which are summing the leading logarithms (1) and their QCD counterparts, respectively. The Monte Carlo implementation of (2) can now be decomposed into five parts:
• Generation of (x, y, z) triples according to the distribution (2).
• Generation of photons corresponding to the chosen (z, Q 2 ).
• Generation of final state photons.
• Generation of QCD parton showers corresponding to the chosen (x ′ , Q ′2 ).
• Hadronization of the generated partons.
It is now obvious that these problems can be solved by almost independent programs. Because the hadronically inclusive cross section is known, the first three points can be handled by KRONOS without any intervention from HERWIG 1 . Similarly, HERWIG needs no information from KRONOS besides the (x ′ , Q ′2 ) pair to reconstruct an appropriate parton shower. Furthermore, as already stated above, in the parton model hadronization happens with unit probability, once the hard subprocess has been generated.
From this discussion a simple physical picture emerges: the Monte Carlo event generator for radiative corrections at the parton level can be used unchanged, because it only depends on the hadronically inclusive cross sections. The algorithms implementing this step in KRONOS have been described in [9] . On the other hand, the QCD Monte Carlo can completely ignore the leptonic radiative corrections, provided it uses the electron after initial state radiation as input. Phrased differently, the leptonic radiative corrections affect the QCD Monte Carlo only through broadening the sharp electron energy spectrum into an energy distribution.
Programming issues
In order to exploit the simple physical picture of initial state radiation as an effective beam energy spread, several requirements must be met.
First of all, the called QCD Monte Carlo event generator must be very disciplined in its use of global variables. Any assumption based on a fixed beam energy will defeat a simple interface. Typically such assumptions would be used at initialization time to set up internal tables, whose contents will be invalid for radiative events.
Fortunately, HERWIG is a well-behaved program in these respects. Since initial state radiation can only reduce the effective beam energy, HERWIG's table of Sudakov formfactors is not invalidated by radiative events. We can therefore use the following simple multiply layered approach, which is shown graphically in figure 1.
1 There is one subtlety, however: when HERWIG reconstructs the initial state parton shower from the chosen (x ′ , Q ′2 ) pair, it might reject it due to mismatches between the Q 2 ordering in the evolution equations of the employed parton distribution functions and the angular ordering in HERWIG's evolution. This is taken care of in KROWIG by rejecting the event. The main routine is derived from the command interpreter and parameter management routines of KRONOS, which have been described in [9] in detail. The only difference is the larger number of parameters which are needed to control HERWIG 2 (cf. table 2). Instead of calling the parton level kronos() event generation routine, the main routine now calls the krowig() routine which has been adapted from HERWIG's main event generation loop. In the innermost layer, HERWIG's parton level generator is emulated by a wrapper around the original kronos() parton level generator.
This simple structure is straightforwardly implemented because both programs use the standard /hepevt/ event record [14] , which allows a transparent flow of event information between Monte Carlo components. Otherwise more complicated translation routines would have been necessary.
Parameters

KRONOS Parameters
A detailed discussion of the KRONOS specific parameters can be found in [9, 12] and will not be repeated here. The parton distribution functions are taken from All other values will be reset to the default value. [15] and can be set with the usual KRONOS commands, which are also explained in detail in [9, 12] . Note however, that the optional use of phenomenological parametrizations of electroproduction structure functions F i is not supported, because KRONOS needs parton distributions for generating the struck quark.
HERWIG Parameters
The variables in table 2 fall into three categories
• herwig and soe have no analogue in HERWIG, they control whether and how HERWIG is called to generate hadronic final states from KRONOS' partons.
• some HERWIG variables have denote the same physical parameter as a KRONOS variable; here the former is set from the latter.
• finally there are plenty of variables in HERWIG that have no analogue in KRONOS: the name of these variables is derived from their name in HERWIG by prepending 'hw' and stripping the fifth and sixth character (this does not lead to ambiguities for the variables considered).
HERWIG variables which do not affect DIS have not been made available in the krdcmd() interface.
Note that the variable VPCUT relates to photons radiated from the hadronic subsystem and does not affect the leptonic side, which is handled by KRONOS.
Tuning of parameters
In the Monte Carlo generator working group [16] h This option should not be used because radiated photons might be missing and HERWIG's internal coordinate system is different from KROWIG's (KROWIG has the incoming proton in the +z direction, whereas HERWIG assumes that the incoming proton goes in the −z direction).
i i.e. don't write events to disk. j You probably don't want to change this! In addition, it has been proposed to set the parameter BTCLM in the subroutine HWCCUT() to 3.00, while increasing CLMAX to 3.00. However KROWIG does not support the modification of BTCLM because it is not a tunable HERWIG parameter and changing it requires modification of the HERWIG sources. This should be done by the user at his own risk. If
With soft underlying event:
# herawg10-set2.krowig set sue true set hwclma 2.00 set hwptrm 0.40 set hwenso 0.60
This set gives a slightly worse agreement with EMC data.
It should be noted however, that the default parameter values have been changed from HERWIG 5.3 to HERWIG 5.4. Therefore a retuning might be necessary.
FORTRAN-77 Interface
The application program interface of KROWIG is almost identical to KRONOS' [9] . On the top level, where KROWIG is controlled by character strings passed to krdcmd() (see figure 2) , the interface is identical, except for the possibility to change HERWIG parameters. These parameters are collected in table 2. The generate command will execute a loop similar to the one shown in figure 3 . The generated event will be passed to the application program in the standard /hepevt/ common block [14] . At the lower level function call interface there are also almost no changes from KRONOS. The call to the kronos() subroutine is to be replaced by a call to the wrapper routine krowig() which calls kronos() and the appropriate HERWIG routines. The single integer parameter is interpreted as follows: 0: initialize the generator and write an initialization record to /hepevt/.
1: generate an event and store it in /hepevt/.
2: perform final calculations and write the results to /hepevt/.
As in any interface of independly developed programs, there remain some rough edges. While these rough edges could be avoided in areas where accepted standards exist (e.g. the passing of event information via /hepevt/ [14] is by now well established), the control of input parameters still leaves something to be desired: the fine grained control over reinitializations in KRONOS (see [9] for a description) can not be achieved with HERWIG, unless we allow to make some (simple) modifications to the HERWIG sources. Because it is desirable to keep these untouched
Compton channel
KROWIG is not applicable in the kinematical region corresponding to the so-called Compton events:
In this region the quark parton model is not applicable and therefore HERWIG does not provide a realistic model for the generation of hadronic final states. For studies of the leptonic and photonic final states of these events it is recommended to use the stand-alone KRONOS with the structure function (not parton distributions) option. Future revisions of KROWIG might overcome this restriction by exploiting a simple model (maybe along the lines of the HERWIG remnant fragmentationa.k.a. "soft underlying event").
O(α S ) matrix elements
KROWIG can not yet be used with the O(α S ) matrix element option of recent HERWIG versions. This is not a fundamental limitation and could be overcome in future versions of KROWIG, after the O(α S ) QCD inclusive cross sections have been implemented in KRONOS.
Charged currents
No charged current events will be generated. This restriction will be lifted (without any changes to KROWIG), once the charged current subsystem of KRONOS has been released.
Conclusions
We have presented version 1.0 of the Monte Carlo event generator KROWIG for deep inelastic scattering at HERA energies. KROWIG acts as an interface for the QED generator KRONOS and the QCD generator HERWIG. It is suitable for the study of hadronic final states, taking into account the bulk of the electro-weak radiative corrections.
KROWIG is complementary to the DJANGO Monte Carlo, because it includes higher order QED corrections and uses a different QCD Monte Carlo.
Availability
The latest release of KROWIG is available from the author upon request. In addition, KROWIG is available by anonymous ftp from freehep.scri.fsu.edu in the directory freehep/event generators/krowig. It is nevertheless recommended to notify the author, in order to be informed of future bug fixes and enhancements.
+QUIT.
If the standard HERWIG distribution runs on the target system, no changes should be necessary for using it in KROWIG.
B.2 Building KROWIG
After adjusting filenames in the installation scripts, these scripts should build KROWIG without further user intervention. If HERWIG is not available in CARDS format, the HERWIG common blocks have be imported manually into the routines requesting them with +CDE,HERCDES. Note that it is not possible to link KROWIG with the standard KRONOS object module because the parameter common block /krpcom/ has to be enlarged and the call to the kronos() subroutine has to be replaced by the krowig() wrapper.
C Common Blocks and Subroutines
To avoid possible name clashes with other packages, all external symbols exported by KRONOS begin with the two letters KR. This convention is also followed by KROWIG, except where routines from other programs are overwritten.
• Common Blocks:
The following common block is used by KROWIG in addition to KRONOS' and HERWIG's common blocks.
-/krcevt/: small event record in the style of /hepevt/ for hiding the photons from HERWIG.
-/krcwig/: a collection of variables used for non-local communication between KRONOS, HERWIG, and KROWIG.
• Primary entry point:
-krowig: main entry point, replacing kronos (which it calls itself).
• Utility routines:
-kr2hw1: glue routine, editing KRONOS' output in /hepevt/ to match HERWIG's expectations.
-kr2hw2: glue routine, fixing /hepevt/ after HERWIG has processed it.
-kr2ent: utility routine, used in kr2hw1 for filling /hepevt/.
• Overwritten entry point:
-hwhdis: overwritten standard HERWIG deep inelastic subprocess.
-hwaend: overwritten HERWIG user exit.
-pdfset, structf: emulation of PDFLIB [20] routines (used in HERWIG) by PAKPDF [15] .
D Example
As an example application of KROWIG, we demostrate how the generate a rapidity distribution and the so-called "seagull-plot".
D.1 sample.krowig
Here is a simple KROWIG command file, setting up parameters and generating 1000 events. This is a simple hepawk script, selecting events that satisfy semi-realistic acceptance cuts and filling histograms for charged rapidity distributions and the famous "seagull plot" 5 .
# sample.hepawk --sample HEPAWK analyzer for KROWIG v1.0 BEGIN { printf ("\nWelcome to the KROWIG test:\n"); printf ("****************************\n\n"); The following output should result from the input files above, modulo small roundoff errors. Note that the warning messages from HERWIG correspond to the mismatches in the QCD evolution mentioned in the footnote on page 5 and are harmless. 
